INTRODUCTION

42
Indirect flight muscles (IFMs) of flying insects display the highest known metabolic rates in 43 the animal kingdom (Weis-Fogh, 1964) . In Drosophila, two sets of IFMs, the dorsal-44 longitudinal muscles (DLMs) and the perpendicularly oriented dorso-ventral muscles (DVMs) 6 muscle. Thus, tracheal invasion into myotubes is a comparatively slow process that occurs 149 after IFM innervation.
150
IFM mitochondria enwrap tracheal cells, but not vice versa 151
Classical studies using dye infiltration experiments (Wigglesworth & Lee, 1982) contrast to earlier reports (Wigglesworth & Lee, 1982) , we were unable to detect any cases 161 in which tracheal branches encircled mitochondria. Strikingly, however, we found that some 162 mitochondria were partially enwrapped tracheal branches ( Supplementary Fig. 2I-J; 163 Supplementary Movie 2). These mitochondria showed no differences in volume or sphericity 164 compared to mitochondria that were located farther away from tracheal branches (data not 165 shown). Taken together, tracheal branches interact closely with mitochondria due to their 166 dense packing between myofibrils and the partial enwrapping of tracheoles by mitochondria. We used tissue-specific RNAi to systematically search for tracheal-and muscle-derived 169 factors, respectively, required for IFM invasion ( Supplementary Fig. 3A ). As previously 170 reported (Peterson & Krasnow, 2015) , the Bnl FGF chemoattractant is essential for IFM 171 tracheation, as muscle-specific knock-down of Bnl completely abolished tracheal invasion 172 into IFMs ( Supplementary Fig. 3B,C) . Interestingly, the trachealess muscles developed into 173 adult IFMs with normal morphology of myofibrils, sarcomeres, mitochondria (Supplementary 174 Fig. 3B ,C,E,F), and with innervation by motor neurons (data not shown), suggesting that 175 tracheal supply is dispensable for normal IFM development. However, adult flies lacking IFM 176 tracheae were unable to fly. This finding prompted us to search for additional genes with 177 roles in IFM tracheation using muscle-specific RNAi. We analyzed a set of 66 genes 178 ( Supplementary Table 2 ), which are required in IFMs for muscle function (flight), but not for 179 normal muscle morphology (Schnorrer et al., 2010) , suggesting that these genes may be 180 involved in IFM tracheation. We used Mef2-Gal4 to knock down each of these genes in all 181 muscles, and screened for changes in IFM tracheation. However, among the genes tested 182 only the transcription factor Spalt major (Salm), which specifies fibrillar muscle fate 183 (Schönbauer et al., 2011) , was required for tracheal invasion into muscles (Supplementary 7 Fig. 3D ). Thus, as tracheal invasion only occurs in fibrillar muscles and not in other muscle 185 types in Drosophila (Peterson & Krasnow, 2015) , Salm-dependent processes appear to play 186 a key role in preparing myotubes for tracheal invasion.
187
MMP1 is required in tracheal cells for invasion into myotubes
188
We used an analogous RNAi approach to search for factors required in tracheal cells for 189 branch invasion into myotubes ( Supplementary Table 2 ) and identified an important role of 
198
We confirmed the specificity of the RNAi effect using two independent dsRNAs targeting 
206
Since Mmp1 has membrane-tethered and secreted isoforms (LaFever et al., 2017) 
216
Tracheal invasion depends on MMP1 proteolytic activity
217
To test whether MMP1 catalytic activity, rather than a non-catalytic function (e.g. of the 218 MMP1 hemopexin domains), was required for branch invasion, we expressed the Drosophila 219 8 tissue inhibitor of metalloproteinases (TIMP; Pohar et al., 1999) in tracheal cells under the 220 control of btl-Gal4. TIMPs inhibit MMP activity by occupying the active site of the protease 221 (Gomis-Ruth et al., 1997) , and Drosophila TIMP was shown to inhibit MMP1 and MMP2 222 (Page-McCaw et al., 2003; Wei et al., 2003) . btl-Gal4-driven expression of TIMP resulted in CollagenIV-GFP (data not shown). Of note, these ECM components also lined membrane 277 invaginations on the myotube surface ( Supplementary Fig. 4D and data not shown),
278
presumably representing openings of the T-tubule network (Peterson & Krasnow, 2015) .
279
Entry of tracheal branches into these invaginations could require MMP activity. However,
280
tracheal Mmp1 knock-down did not notably affect the levels and distribution of Perlecan 
323
Hence, flight muscle tracheation provides a powerful model to study the tissue interactions 324 that promote branch invasion into tissues.
11
To investigate the cellular and molecular mechanisms underlying tracheal invasion into IFMs,
326
we analyzed the dynamics of the process in vivo. First, through live imaging of muscle 327 tracheation, we found that tracheal cells invade the muscle directionally with growth cone-like 328 structures at branch tips. Tracheoles ramify inside the muscle until they uniformly fill the 329 myotube volume. Intriguingly, however, single-cell analyses revealed that individual IFM 330 tracheal cells occupy largely separate territories within the myotube, reminiscent of neuronal 331 dendritic tiling (Grueber & Sagasti, 2010) , suggesting that IFM tracheation involves repulsion 332 between tracheal cells. Second, using a tissue-specific RNAi-based approach to identify 333 factors required for branch invasion, we found that MMP1 activity is required in tracheal cells 334 for normal speed of invasion and for the dynamic organization of growth-cone-like structures 335 at migrating branch tips. Third, we showed that ECM components are distributed non- 
353
The ability of tracheal cells to enter the IFM myotubes is likely to depend on permissive and 354 instructive cues provided by the muscle, as well as on factors that act in the tracheal cells to 355 mediate their invasive behavior. We showed that tracheal invasion into IFMs critically 356 depends on the transcription factor Salm, which specifies the fibrillar muscle type 
363
Classical electron microscopy studies suggested that tracheoles enter the IFMs through 364 plasma membrane invaginations that are continuous with T-tubules, and then spread through 365 the T-tubule network (Smith, 1961a (Smith, , 1961b Wigglesworth & Lee, 1982) . Other muscle types 366 that lack these membrane invaginations are not invaded by tracheal branches (Peterson & 367 Krasnow, 2015) . Surprisingly, however, we did not find evidence that a normally organized T-
368
tubule system is required for tracheal ingrowth and spreading in Drosophila IFMs, since 369 amphiphysin (amph) mutants with a disorganized T-tubule system (Razzaq et al., 2001) 370 showed a normal number and distribution of tracheoles in IFMs ( Supplementary Fig. 4G ,H 371 and data not shown). Although the exact topology of the T-tubule system in wild-type and in 372 amph mutant IFMs remain to be characterized, these results suggest that invasion into and 373 spreading of tracheal cells inside IFMs does not depend on a pre-existing regular membrane 374 invagination system.
375
IFM tracheoles are closely associated with mitochondria, thus minimizing the distance for 376 gas exchange via diffusion. While we confirmed this close association by electron and high-
377
resolution confocal microscopy, we found, contrary to an earlier report (Wigglesworth & Lee, 378 1982), no evidence that IFM tracheole endings encircle mitochondria. These earlier 379 observations were based on dye infiltration experiments, which may lead to artifacts due to 380 leakage of the injected dye used for tracheal staining. Conversely, we discovered 381 mitochondria that were partially enwrapping IFM tracheoles. This is likely due to extensive 382 fusion of mitochondria, resulting in giant sleeve-like mitochondrial geometries around 383 tracheal tubes in IFMs. Intriguingly, this arrangement is reminiscent of the mitochondria that 384 wrap around the axoneme in sperm tails (Woolley, 1970) . Thus, mitochondrial wrapping may 385 represent a common mechanism to sustain the extensive energy demands of specialized 386 motile cell types such as flight muscle or sperm.
387
MMP1 modulates invasive behavior of IFM tracheal cells 388
In addition to the muscle-derived factors discussed above, we show that the matrix 389 metalloprotease MMP1 is required in IFM tracheal cells for their normal invasive behavior.
390
ECM remodeling is crucial for branching morphogenesis of various organs, and MMPs are 391 the main enzymes that mediate ECM degradation (Bonnans et al., 2014) . We showed that (Dona et al., 2013; Tweedy et al., 2016;  434 Venkiteswaran et al., 2013) .
435
A regulatory interplay between MMPs and FGFs has been reported to operate also in other 
16
Antibodies were mouse anti-Tubulin (1:1,000; Sigma DM1A), rabbit anti-Bnl (1:100; Jarecki 503 et al., 1999; Sutherland et al., 1996) , mixture of anti-MMP1 3B8, 3A6, 5H7 (1:10/1:100/1:100; 504 DSHB; Page-McCaw et al., 2003) , goat anti-rabbit Superclonal HRP conjugate (1:3,000;
505
Thermo Fisher) and goat anti-mouse Superclonal HRP conjugate (1:3,000; Thermo Fisher).
506
Protein extracts were separated on 12.5% SDS polyacrylamide gels (35 μg protein per lane) 507 and electro-transferred to PVDF membranes. Bound secondary antibodies were visualized 508 using the ECL-system (Amersham). Three independent samples were analyzed.
509
Quantification of Western blot bands was performed using GelAnalyzer2010a with 510 background subtraction. 
574
Quantification of tracheal branch points per myotube volume
575
To determine the number of tracheal branch points in a myotube volume of approximately 576 3x10 4 µm 3 the same image raw data as described above were used. 3D binary images of 577 tracheal branches were generated in Fiji by background subtraction (sliding paraboloid, 578 radius 15), median filtering (radius 2), histogram normalization (1% saturation), Gaussian 579 blur (sigma 0.2) and manual thresholding. The 3D binary images were subjected to the 580 Skeletonize 3D plugin of Fiji to count the number of branches and branch points. 
